ABSTRACT Exotic ambrosia beetles are damaging pests in ornamental tree nurseries in North America. The species Xylosandrus crassiusculus (Motshulsky) and Xylosandrus germanus (Blandford) are especially problematic. Management of these pests relies on preventive treatments of insecticides. However, Þeld tests of recommended materials on nursery trees have been limited because of unreliable attacks by ambrosia beetles on experimental trees. Ethanol-injection of trees was used to induce colonization by ambrosia beetles to evaluate insecticides and botanical formulations for preventing attacks by ambrosia beetles. Experiments were conducted in Ohio, Tennessee, and Virginia. Experimental trees injected with ethanol had more attacks by ambrosia beetles than uninjected control trees in all but one experiment. Xylosandrus crassiusculus and X. germanus colonized trees injected with ethanol. In most experiments, attack rates declined 8 d after ethanol-injection. Ethanol-injection induced sufÞcient pressure from ambrosia beetles to evaluate the efÞcacy of insecticides for preventing attacks. Trunk sprays of permethrin suppressed cumulative total attacks by ambrosia beetles in most tests. Trunk sprays of the botanical formulations Armorex and Veggie Pharm suppressed cumulative total attacks in Ohio. Armorex, Armorex ϩ Permethrin, and Veggie Pharm ϩ Permethrin suppressed attacks in Tennessee. The bifenthrin product Onyx suppressed establishment of X. germanus in one Ohio experiment, and cumulative total ambrosia beetle attacks in Virginia. Substrate drenches and trunk sprays of neonicotinoids, or trunk sprays of anthranilic diamides or tolfenpyrad were not effective. Ethanol-injection is effective for inducing attacks and ensuring pressure by ambrosia beetles for testing insecticide efÞcacy on ornamental trees.
pears more common in Midwestern and Northeastern states (Hudson and Mizell 1999; Oliver and Mannion 2001; Hale 2007 Ranger et al. 2011) . Both species are native to Asia and have wide host ranges that include primarily deciduous trees (Wood 1982 , Solomon 1995 . Only the females ßy and primarily colonize physiologically stressed trees (Hoffman 1941; Wood 1982; Weber and McPherson 1984; Ranger et al. 2010 Ranger et al. , 2012b . Trees under physiological stress emit ethanol (Moeck 1970 , Kimmerer and Kozlowski 1982 , Kelsey and Joseph 2001 , which acts as a primary attractant for ambrosia beetles including X. crassiusculus and X. germanus (Graham 1968; Cade et al. 1970; Moeck 1970; Montgomery and Wargo 1983; Oliver and Mannion 2001; Ranger et al. 2010 Ranger et al. , 2012a . Weber and McPherson (1984) found that X. germanus were more likely to colonize black walnut (Juglans nigra L.) trees with slower growth rates, and concluded that beetles could differentiate between slight differences in host vigor. Furthermore, Ranger et al. (2010) demonstrated that X. germanus and other ambrosia beetles would attack trees injected with ethanol, while uninjected trees or those injected with water were not attacked.
X. crassiusculus and X. germanus overwinter as adults in the galleries of infested trees (Weber and McPherson 1983 , Oliver and Mannion 2001 . In spring, female beetles emerge from overwintering sites to search for new hosts to colonize. After locating a suitable host, the foundress bores into the treeÕs xylem and establishes a gallery, which she inoculates with a symbiotic fungus that is the source of food for the adults and larvae (Hoffman 1941 , Weber and McPherson 1983 , Solomon 1995 . Xylosandrus galleries generally consist of tunnels and one or more brood chambers (Hoffman 1941 , Wood 1982 , Weber and McPherson 1983 , Solomon 1995 . Newly colonized nursery trees often appear healthy when they break dormancy, then, the leaves wilt and the trees die. The causes of mortality are uncertain, but may include mechanical injury from tunneling beetles, pathogenicity of the symbiotic fungi, incidental pathogens that enter through the tunnel entrances, blockage of the treesÕ vascular tissues by fungal growth, or combinations of these factors (Weber and McPherson 1983 , Oliver and Mannion 2001 , Dute et al. 2002 , Kuhnholz et al. 2003 .
In ornamental tree nurseries, growers rely primarily on trunk sprays of conventional insecticides to prevent attacks by ambrosia beetles and other woodboring beetles. However, the efÞcacy of insecticides recommended for preventing attacks by ambrosia beetles have not been thoroughly Þeld tested against X. crassiusculus and X. germanus on nursery trees. A constraint to testing insecticide efÞcacy against ambrosia beetles has been the lack of reliable colonization of experimental trees. Ranger et al. (2010) developed a technique in which injecting trees with ethanol induced colonization of live nursery trees by ambrosia beetles. Containerized Magnolia virginiana L. injected with ethanol were subsequently colonized (attacked) by X. germanus and other ambrosia beetles . Ranger et al. (2011) used the ethanol-injection technique to test commercially available plant-based essential oil mixtures for preventing attacks by ambrosia beetles on M. virginiana, and found variability in efÞcacy of the selected botanical insecticides. Frank and Sadoff (2011) also used ethanol-injection to test efÞcacy of permethrin against ambrosia beetles on red maple trees in North Carolina, however, colonization rates by ambrosia beetles were relatively low. Further evaluation of the ethanol-injection technique on nursery trees is warranted to assess its reliability in inducing attacks by Xylosandrus spp. and other ambrosia beetles in different geographic locations, and to Þeld-test existing and new insecticides against ambrosia beetles.
The objective of the current research was to determine whether ethanol-injection of live trees would reliably induce attacks by ambrosia beetles, especially X. crassiusculus and X. germanus, in numbers sufÞcient to facilitate testing efÞcacy of preventive treatments in three geographic regions. The second objective was to Þeld-test a variety of materials for efÞcacy in controlling X. crassiusculus, X. germanus, and other ambrosia beetles on ornamental trees.
Materials and Methods
General Methods. Experiments were conducted in 2009 in Ohio, Tennessee, and Virginia (2009 . These states have experienced signiÞcant damage to ornamental nursery trees from ambrosia beetles. The experiments were set up as randomized complete block designs. The experiments were set up along the wooded borders of nurseries or research farms with replicated blocks positioned at least 10 m apart and single-tree replicates within blocks at least 1.0 m apart. Unless otherwise speciÞed, the test trees were containerized Magnolia virginiana L. planted in soil-free substrate in 11.4 liter containers. To induce colonization by ambrosia beetles, the trees were injected with ethanol using the Arborjet Tree I.V. Delivery System (Arborjet, Woburn, MA) . Injection sites were initiated by drilling a single 9.5 mm hole Ϸ16 mm deep into the base of the trees. The hole was immediately plugged with an Arborjet injection port (9.5 mm diameter), then ethanol was injected through the port at a delivery pressure of 414 kPA (60 psi). Unless otherwise speciÞed, experimental trees were injected with 75 ml of 50% ethanol . The test trees were at least 40 mm in diameter at the drill or injection port site. In smaller diameter trees, the drill bit tended to go completely through the stems or the stems broke at the drill site. All experiments included a noninsecticide treated ethanol-injected treatment (hereafter referred to as injected controls). Unless otherwise stated, the experiments also included an uninjected, noninsecticide treated treatment. Data from the uninjected treatments were compared only with the injected controls and not included in the analyses of insecticide efÞ-cacy. Trunk sprays of insecticides were applied 1 d before ethanol injections, and container substrate drenches were applied 7 d (Ohio and Virginia) or 34 d (Tennessee) before ethanol injection. There were at least three postinsecticide treatment evaluations for each experiment. On each evaluation date, circles were drawn around new tunnel entrances to prevent recounting. To evaluate the success of colonization and determine the species of beetles attacking the trees, the trees were cut into bolts on the last evaluation date, then placed in bags labeled by treatment and replication and transported to the lab. The bolts were then either incubated in the lab (at least 5 wk) to allow emergence of beetles (Ohio 2009 experiment) or dissected using hand pruners to extract the colonizing beetles (Ohio and Tennessee 2010 experiments). After emergence or extraction, the beetles were stored in 70% ethanol. Scolytinae were identiÞed to the species level using available keys (Wood 1982 , Rabaglia et al. 2006 .
Ohio Experiments. In the Ohio experiments, there were eight replications per treatment and the trunk sprays were applied to the point of runoff using 1.4 liter compressed air hand-triggered spray bottles (item no. 65-6418, Hummert International, Earth City, MO). In 2009, the experiment was conducted Þve through 27 May. There were seven insecticide treatments including trunk sprays of Acelepryn, HachiHachi, Onyx, Safari, and Scimitar, and container substrate drenches of Flagship and Safari (see Table 1 for information on insecticide active ingredients, application rates, and manufacturers for all experiments). The Flagship and Safari substrate drenches were applied by pouring 1,000 ml and 355 ml of solution, respectively, onto the substrate of each container. In 2010, the experiment compared plant-based essential oil mixtures (Armorex and Veggie Pharm) with conventional recommended insecticides, and was conducted 4 May through 2 June. There were four insecticide treatments including trunk sprays of Armorex, Onyx, Tengard, and Veggie Pharm (Table 1) , the test trees were injected with 75 ml of 10% ethanol, and there was no uninjected treatment. Ranger et al. (2011) showed that ethanol injections at concentrations as low as 5% (75 ml) induced ambrosia beetle attacks in sufÞcient numbers for testing efÞcacy of essential oils against ambrosia beetles in Ohio. To evaluate the experiments, the trees were thoroughly examined for tunnel entrances (attacks) at 1, 6, 13, and 22 d after injection (DAI) with ethanol in 2009, and 2, 6, 10, 16, 22, and 29 DAI in 2010. Tennessee Experiments. In 2009, there were two experiments, one conducted in spring (experiment-1, 21 April to 22 May) that focused on conventional insecticides and one in summer (experiment-2, 22 June to 16 July) that included plant-based essential oil mixtures compared with a standard conventional insecticide treatment. Trunk sprays were applied to the point of runoff by a 1.4 liter compressed air handtriggered spray bottle (item no. 65-6418). Experiment 1 had six replications per treatment and experiment 2 had Þve. In experiment 1, there were seven insecticide treatments including trunk sprays of Onyx, Perm-Up, Safari, Safari ϩ Pentra Bark, and Scimitar, and container substrate drenches of Acelepryn and Safari (Table 1). Pentra Bark is a surfactant designed to facilitate penetration of the bark by insecticides ( Table 1) . The Acelepryn and Safari substrate drenches were applied by pouring 355 ml of solution onto the substrate of each container. Experiment 1 did not have an uninjected treatment. In experiment 2, the test trees were containerized Oxydendrum arboreum (L.) DC. (sourwood) potted in 11.4 liter containers. There were Þve insecticide treatments, including trunk sprays of Cinnacure, EcoTrol, Perm-Up, Cinnacure ϩ Pentra Bark, and Perm-Up ϩ Pentra Bark (Table 1 ). The trees in experiment 2 were injected with 75 ml of 10% ethanol. For evaluation, trees were examined for new attacks 3, 6, 9, 14, 20, 24, and 31 DAI in experiment 1, and 3, 4, 5, 8, 9, 10, 11, 18 , and 25 DAI in experiment 2. The species of ambrosia beetles attacking the trees were not determined for either experiment.
In 2010, plant-based essential oil mixtures were the primary focus of the experiment with seven replications per treatment. The experiment was conducted from 20 May to 7 June, with Þve insecticide treatments including trunk sprays of Armorex, Perm-Up, Veggie Pharm, Armorex ϩ Perm-Up, and Veggie Pharm ϩ Perm-Up (Table 1) treatments were applied to runoff using a single boom 2-liter CO 2 sprayer at 276 kPa (40 psi) (R&D Sprayers, Opelousas, LA). The Flagship and Safari substrate drenches were applied by pouring 2,000 and 355 ml of solution, respectively, onto the substrate of each container. There were eight replications per treatment. Trees were deployed for 2 wk and examined for attacks 10, 12, and 14 DAI. Data Analysis. Data were analyzed separately by state, year, and experiment. Analysis of variance (ANOVA) for a randomized complete block design (RCBD) was used to analyze data on new attacks for each sampling date and cumulative total attacks (Zar 1999 , Analytical Software 2003 . Data on total Xylosandrus and individual Xylosandrus species (includes C. mutilatus) in the Ohio experiments were analyzed by ANOVA for RCBD. Data on attacks and Xylosandrus species were log(Xϩ1) transformed before performing ANOVA to meet assumptions of homogeneity of variances and normality (Zar 1999) . In the 2010 Tennessee experiment, the transformation did not correct the normality of the combined Xylosandrus and individual species data. Therefore, those data were analyzed by FriedmanÕs test, which is a nonparametric rank-based test with a 2 test statistic and a Ϫ1 df that can be used for RCBD analysis (Zar 1999) . Following a signiÞcant ANOVA model, means were separated by TukeyÕs honestly signiÞcant difference (HSD) (␣ ϭ 0.05). A separate ANOVA was performed to compare cumulative total attacks between the injected controls and uninjected treatments (Analytical Software 2003). For treatments receiving ethanol injections, regression analysis was used to examine the relationship between cumulative ambrosia beetle attacks and DAI (Analytical Software 2003) . In experiments where the relationship was curvilinear, the natural log (ln) of DAI was used in the regression analysis.
Results
Induction of Ambrosia Beetle Attacks and Insecticide Efficacy. Ohio Experiments. In Ohio in 2009, there were more cumulative total attacks on the injected control trees than the uninjected trees (132 and 0 attacks, respectively) ( Table 2 ). In the insecticide efÞcacy analysis, there were no differences in the numbers of new attacks among treatments 1, 13, and 22 DAI or in cumulative total attacks (Table 2 ). There were more new attacks in the Safari spray than the Flagship drench and Onyx spray treatments at 6 DAI, but there were no other differences among treatments (Table 2 ). In 2009, only X. germanus emerged from the bolts cut from experimental trees with no differences among treatments (Table 2) .
In 2010, there were more new attacks 2, 6, and 10 DAI and more cumulative total attacks on the injected control trees than Armorex, Tengard, and Veggie Pharm treated trees (Table 3 ). There were more new attacks on the injected controls than the Onyx treated trees 6 and 10 DAI (Table 3 ). Onyx treated trees had more new attacks 2 DAI and more cumulative total attacks than the Tengard treated trees. In 2010, only X. germanus were detected in the experimental trees with more extracted from the injected controls than the Onyx or Tengard treatments. No other differences were detected among treatments (Table 3) .
Tennessee Experiments. In 2009 in experiment 1, there were differences in new ambrosia beetle attacks 3, 6, and 9 DAI, and in cumulative total attacks (Table  4) . There were more attacks in the injected control treatment than the Onyx and Perm-Up treatments at Data were log(Xϩ1) transformed before analysis. Data within each sampling date and the cumulative total were analyzed by analysis of variance (ANOVA) for a randomized complete block design. Following a signiÞcant ANOVA, the treatment means were separated by TukeyÕs HSD (␣ ϭ 0.05). Means followed by the same letter or no letters (ANOVA P Ͼ 0.05) are not signiÞcantly different. DAI refers to days after injection with ethanol. New tunnel entrances were accumulated during time periods 0 Ð1, 1Ð 6, 6 Ð13, and 13Ð22 DAI (1, 6, 13, and 22 DAI, respectively).
a The Uninjected treatment was not included in the analysis of variance comparing insecticide efÞcacy, but rather, data are shown for comparison with the Injected Control trees. ***Represents a signiÞcant difference in the total entries between the uninjected and ethanolinjected control treatments (F ϭ 47.39; df ϭ 1, 7; P Ͻ 0.001).
b Trees were cut into bolts, placed in resealable plastic bags and kept at room temp to allow emergence of ambrosia beetles. Only Xylosandrus germanus emerged from the bolts.
3 DAI, and more in the Acelepryn and Safari drench treatments than the Perm-Up treatment at 6 DAI (Table 4). At 9 DAI, the ANOVA indicated a signiÞcant difference, but TukeyÕs HSD test was unable to identify differences among treatment means. Perm-Up had fewer cumulative total attacks than the injected control, Acelepryn, Scimitar, and all Safari treatments (Table 4) . In experiment 2, attack activity was low and insecticide efÞcacy was analyzed only for cumulative total attacks, but no differences were detected among treatments (F ϭ 0.87; df ϭ 5, 20; P ϭ 0.52). Mean cumulative total attacks ranged from 1.8 per tree in the Perm-Up treatment to 6.8 in the injected control treatment. There were no differences in cumulative total attacks between the injected control trees and the uninjected trees (F ϭ 0.57; df ϭ 1, 4; P ϭ 0.49). Unlike Ohio, the uninjected trees had some ambrosia beetle attacks, but there were 2.6ϫ more cumulative total attacks on the injected control trees.
In 2010, there were again ambrosia beetle attacks on the uninjected trees, but more cumulative total attacks occurred on the injected control trees (Table 5 ). There were differences in new ambrosia beetle attacks among insecticide treatments 3, 10, and 15 DAI, and in cumulative total attacks (Table 5 ). There were more new attacks in the injected control treatment than all other treatments at 3 and 10 DAI, and more in the injected control than Armorex, Perm-Up, and Veggie Pharm ϩ Perm-Up at 15 DAI. There were no other differences in new attacks among treatments (Table  5 ). The injected control treatment had more cumulative total attacks than Armorex, Armorex ϩ PermUp, and Veggie Pharm ϩ Perm-Up, but there were no differences among other treatments (Table 5 ). In total, 18 X. crassiusculus, 6 X. germanus, and 12 C. mutilatus were extracted from the trees in this experiment. There were no differences among treatments in the total numbers of Xylosandrus (includes C. mutilatus) ( 2 ϭ 10.28; df ϭ 5; P ϭ 0.068), X. crassiusculus ( 2 ϭ 7.65; df ϭ 5; P ϭ 0.176), or C. mutilatus ( 2 ϭ 4.39; df ϭ 5; P ϭ 0.494) (data not shown). There were differences in the numbers of X. germanus among treatments ( 2 ϭ 13.85; df ϭ 5; P ϭ 0.017) with X. germanus extracted from only the injected control and Armorex ϩ Perm-Up treatments. Data were log(Xϩ1) transformed before analysis. Data within each sampling date and the cumulative total were analyzed by analysis of variance (ANOVA) for a randomized complete block design. Following a signiÞcant ANOVA, the treatment means were separated by TukeyÕs HSD (␣ ϭ 0.05). Means followed by the same letter or no letters (ANOVA P Ͼ 0.05) are not signiÞcantly different. DAI refers to days after injection with ethanol. New tunnel entrances were accumulated during time periods 0 Ð2, 2Ð 6, 6 Ð10, 10 Ð16, 16 Ð22, and 22Ð29 DAI (2, 6, 10, 16, 22, and 29 DAI, respectively).
a Only Xylosandrus germanus were found in the experimental trees. Data were log(Xϩ1) transformed before analysis. Data within each sampling date and the cumulative total were analyzed by analysis of variance (ANOVA) for a randomized complete block design. Following a signiÞcant ANOVA, the treatment means were separated by TukeyÕs HSD (␣ ϭ 0.05). Means followed by the same letter or no letters (ANOVA P Ͼ 0.05) are not signiÞcantly different. DAI refers to days after injection with ethanol. New tunnel entrances were accumulated during time periods 0 Ð3, 3Ð 6, 6 Ð9, 9 Ð14, 14 Ð20, 20 Ð24, and 24 Ð31 DAI (3, 6, 9, 14, 20, 24, and 31 DAI, respectively) .
Virginia Experiment. In 2009, the injected control trees had more cumulative total attacks (37) than the uninjected trees (1) ( Table 6 ). The Acelepryn treatment had more new attacks than Onyx at 12 DAI, Flagship, Onyx, and Safari at 14 DAI, and cumulative total attacks than Onyx (Table 6) . No other differences were detected among treatments.
The Relationship Between Days After Ethanol-Injection and Ambrosia Beetle Attacks. In 2009 and 2010, there were signiÞcant positive relationships between cumulative ambrosia beetle attacks and DAI with ethanol in Ohio and Tennessee (statistics are presented in Table 7 ). In the 2009 Ohio experiment, regression analysis indicated the relationships between DAI and cumulative ambrosia beetle attacks represented a simple linear response for all ethanol-injected treatments (Fig. 1 ). There were no differences in the slopes associated with the different treatments (F ϭ 2.43; df ϭ 7, 16; P ϭ 0.07). In the 2010 Ohio and 2009 and Tennessee experiments, the relationships were represented by logarithmic (curvilinear) responses (Figs. 1 and 2). In the 2010 Ohio experiment, signiÞcant differences were detected between the slopes associated with the injected control compared with Armorex (F ϭ 56.7; df ϭ 1, 8; P ϭ 0.0001), Onyx (F ϭ 37.7; df ϭ 1, 8; P ϭ 0.0003), Tengard (F ϭ 86.7; df ϭ 1, 8; P Ͻ 0.0001), and Veggie Pharm (F ϭ 61.2; df ϭ 1, 8; P ϭ 0.0001). In the 2009 Tennessee experiment 1, a significant difference was detected between the slopes associated with the injected control compared with Perm-Up (F ϭ 23.2; df ϭ 1, 10; P ϭ 0.0007). In the 2010 Tennessee experiment, signiÞcant differences were detected between the slopes associated with the injected control compared with Armorex (F ϭ 29.6; df ϭ 1, 10; P ϭ 0.0003), Armorex ϩ Perm-Up (F ϭ 42.9; df ϭ 1, 10; P ϭ 0.0001), Perm-Up (F ϭ 19.1; df ϭ 1, 10; P ϭ 0.001), Veggie Pharm (F ϭ 22.1; df ϭ 1, 10; P ϭ 0.0008), and Veggie Pharm ϩ Perm-Up (F ϭ 29.3; df ϭ Data were log(Xϩ1) transformed before analysis. Data within each sampling date and the cumulative total were analyzed by analysis of variance (ANOVA) for a randomized complete block design. Following a signiÞcant ANOVA, the treatment means were separated by TukeyÕs HSD (␣ ϭ 0.05). Means followed by the same letter or no letters (ANOVA P Ͼ 0.05) are not signiÞcantly different. DAI refers to days after injection with ethanol. New tunnel entrances were accumulated during time periods 0 Ð3, 3Ð 6, 6 Ð 8, 8 Ð10, 10 Ð15, 15Ð17, and 17Ð20 DAI (3, 6, 8, 10, 15, 17, and 20 DAI, respectively) .
a The treatments Arm ϩ Perm and Vegg ϩ Perm represent Armorex ϩ Perm-Up and Veggie Pharm ϩ Perm-Up, respectively. b The Uninjected treatment was not included in the analysis of variance comparing insecticide efÞcacy, but rather, data are shown for comparison with the Injected Control trees. **Represents a signiÞcant difference in the total entries between the Uninjected and Injected Control treatments (F ϭ 14.96; df ϭ 1, 6; P Ͻ 0.01). Data within each sampling date and the cumulative total were analyzed by analysis of variance (ANOVA) for a randomized complete block design. Following a signiÞcant ANOVA, the treatment means were separated by TukeyÕs HSD (␣ ϭ 0.05). Means followed by the same letter or no letters (ANOVA P Ͼ 0.05) are not signiÞcantly different. DAI refers to days after injection with ethanol. New tunnel entrances were accumulated during time periods 0 Ð10, 10 Ð12, and 12Ð14 DAI (10, 12, and 14 DAI, respectively).
a The Uninjected treatment was not included in the analysis of variance comparing insecticide efÞcacy, but rather, data are shown for comparison with the Injected Control trees. **Represents a signiÞcant difference in the total entries between the Uninjected and Injected Control treatments (F ϭ 13.18; df ϭ 1, 7; P Ͻ 0.01). because there were only three evaluation dates over a period of 4 d.
Discussion
In the current study, ethanol-injection induced sufÞcient attacks on ornamental trees by ambrosia beetles, including X. crassiusculus and X. germanus, in all three states to evaluate efÞcacy of insecticides. In all but one experiment that included uninjected trees (Tennessee 2009 experiment 2), signiÞcantly more ambrosia beetle attacks occurred on the noninsecticide treated ethanol-injected trees than the uninjected trees. These results demonstrate that ethanolinjection ensures colonization of nursery trees by ambrosia beetles at rates that facilitate testing preventive insecticide treatments. Further research to determine the optimum concentration and volume of injected ethanol would reÞne this technique for testing insecticides against ambrosia beetles on nursery trees.
Differences in new attacks among treatments usually occurred within the Þrst 2 wk after ethanol was injected. Ambrosia beetle attacks tended to peak during that time, which may have made treatment differences more detectable. The emission rates of ethanol from injected trees tend to peak within the Þrst few days after injection and then decline (Ranger et al. 2012a) . Ranger et al. (2012a) demonstrated that increasing concentrations of injected ethanol increased attacks by ambrosia beetles. The results of the regression analysis support the conclusion that beetle attacks decline as time after ethanol-injection increases. A lack of differences among insecticide treatments at later postinjection times might have been related to a decline in insecticide residual activity over time.
EfÞcacy of insecticides was variable and inconsistent with no product completely preventing attacks by ambrosia beetles. Pyrethroids such as bifenthrin (Onyx) and permethrin (Perm-Up and Tengard were used in the current study, and are the same formulation) are standard recommended materials for management of Scolytinae including ambrosia beetles (Svihra et al. 2004 , Fettig et al. 2006 , Frank and Sadof 2011 ). In the current study, the permethrin products were the most effective in Ohio and Tennessee, while bifenthrin (Onyx) was the most effective product tested in Virginia. The permethrin products reduced the cumulative total attacks by 64 Ð98% compared with the injected controls; however, the differences were not always statistically signiÞcant. DeGomez et al. (2006) and Fettig et al. (2006) effectively prevented attacks by Scolytinae species on conifers using the highest labeled rate of Onyx. The highest labeled rate of Onyx for nursery trees was used in the experiments of the current study; however, Onyx did not effectively prevent attacks by ambrosia beetles in Ohio and Tennessee. In the 2010 Ohio experiment, the numbers of new tunnel entrances were relatively high in the Onyx treated trees, but colonization by ambrosia beetles was relatively low. As observed during extraction of ambrosia beetles from the trees, none of the tunnels in the Onyx treated trees penetrated much beyond the cambium, and callus tissue had formed in the entrances. In contrast, complete galleries occurred in the injected control, Armorex, and Veggie Pharm treatments in the same experiment.
Some of the variability in efÞcacy among experiments in different geographic regions could be related to the species of ambrosia beetles involved. There may be differential susceptibility among the Xylosandrus species to certain insecticides. Hastings et al. (2001) reported differences in the efÞcacy of preventive treatments among bark beetle species and geographic regions. X. crassiusculus is more prevalent and problematic in Tennessee and Virginia than Ohio . Furthermore, C. mutilatus occurred in the Tennessee experimental plot, but was not detected in the Ohio experiments.
The inconsistent efÞcacy of the recommended ambrosia beetle treatments in our experiments presents problems for developing ambrosia beetle management programs in ornamental nurseries. Nursery growers have no tolerance for ambrosia beetle attacks. Growers cull trees when attacks are noticed, which leads to the perception that treatments should be 100% effective. However, Mizell and Riddle (2004) reported that nursery trees with Ͻ5 attacks by X. crassiusculus survived. Furthermore, the presence of callus tissue in the entrances of aborted tunnels (2010 Ohio experiment) suggests wound healing can occur when attacks fail. If the effective control level was four or less attacks per tree, the permethrin products would have been effective in three out of four experiments. Therefore, insecticide treatments that do not completely prevent attacks, but maintain relatively low attack pressure, may still be effective tools for managing Xylosandrus species. Further research on the susceptibility of different Xylosandrus species to insecticides and the residual activity of insecticides is needed. In addition, greater knowledge pertaining to ethanol emission rates from trees and beetle response to those rates following ethanol injections might determine the duration insecticide trials should be performed using this injection technique. Research is also needed on the relationship between attacks by ambrosia beetles and the mortality of nursery trees.
The neonicotinoids (Flagship and Safari), the anthranilic diamides (Acelepryn and Cyazypyr), and tolfenpyrad (Hachi-hachi) were not effective at preventing attacks by ambrosia beetles in the current study. In laboratory bioassays, Acelepryn and Cyazypyr reduced survival of the bark beetle Dendroctonus ponderosae Hopkins (Coleoptera: Curculionidae: Scolytinae) (Fettig et al. 2010) , but neither material was tested against Scolytinae in the Þeld. Systemic insecticides have not been effective in previous trials against Scolytinae when trunk applied or soil drenched (DeGomez et al. 2006 , Grosman et al. 2009 ), and our results with substrate drenches of Flagship and Safari or trunk sprays of Safari and Acelepryn were similar.
The plant-based essential oil mixtures Armorex and Veggie Pharm suppressed attacks by ambrosia beetles in the current study. Armorex reduced cumulative total attacks in the 2010 Ohio and Tennessee experiments, while Veggie Pharm reduced new attacks on three dates in the 2010 Ohio experiment. Ranger et al. (2011) also found Armorex and Veggie Pharm effective at reducing attacks by ambrosia beetles in Ohio. However, neither material signiÞcantly reduced the number of X. germanus compared with noninsecticide treated trees in the current study.
The low tolerance nursery growers have for ambrosia beetle attacks increases the challenge of using an integrated approach to their management, and also increases the likelihood that conventional insecticides will continue to play a primary role in their control within nurseries. The pyrethroid insecticides appear to be one of the most effective groups for suppressing attacks by ambrosia beetles, including Xylosandrus species. Previous (Ranger et al. , 2012a and current research demonstrated that Xylosandrus species were attracted almost exclusively to trees emitting ethanol (from injection), which is an indicator of physiological stress (Moeck 1970 , Kimmerer and Kozlowski 1982 , Kelsey and Joseph 2001 . Observations suggest insecticides are less effective at preventing attacks on extremely stressed trees (unpublished data). Therefore, maintaining healthy trees should reduce ambrosia beetle attack pressure, and be an important component for their management in nurseries. Furthermore, insecticide treatments should be more effective at protecting trees from ambrosia beetles when attack pressure is low.
